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Abstract—The use of kinematics is recommended to quan-
titatively evaluate upper limb movements. The aims of this
study were to determine the age effects on upper limb
kinematics and establish norms in healthy children. Ninety-
three healthy children, aged 3–12 years, participated in this
study. Twenty-eight kinematic indices were computed from
four tasks. Each task was performed with the REAplan, a
distal effector robotic device that allows upper limb dis-
placements in the horizontal plane. Twenty-four of the 28
indices showed an improvement during childhood. Indeed,
older children showed better upper limb movements. This
study was the ﬁrst to use a robotic device to show the age
effects on upper limb kinematics and establish norms in
healthy children.
Keywords—Robotics, Pediatrics, Kinematics, Outcome
assessment, Biomechanics, Reference standards, Growth
and development.
INTRODUCTION
Psychomotor development in children evolves with
progressive improvements. Children display uncon-
trolled upper limb movements in the ﬁrst months after
birth, after which they develop reaching and grasping
movements during the ﬁrst year of life. Then, these
motor abilities are transferred to activities of daily
living (such as eating and dressing) in subsequent
years.17 However, motor development may be altered
in children with cerebral palsy (CP). In particular,
children with CP present impairments such as spas-
ticity and muscle weakness that affect their ability to
develop normal motor functions for performing
activities of daily living.1
The upper limb motor ability in children is typically
described through observations, interviews, and stan-
dardized and non-standardized assessments.8,10 The
majority of these measures are subjective and use
ordinal scales.31 Several authors have recommended
the use of kinematics to objectively and quantitatively
assess upper limb movements in CP children to avoid
the drawbacks of ordinal scales.6,16 In addition, few
studies have compared upper limb kinematics between
healthy and CP children.5,7,24,25,27 However, their
small healthy children’s sample (sample range [5–
11])7,24,25,27 and their age criterion (age range in years
[5–18])5 were not appropriate to create age groups and
then, assess age effects in healthy children. Previous
authors have also assessed the age effect of upper limb
kinematics in healthy children; however, these studies
did not include children younger than 5 years of
age.21,23 Until the age of ﬁve, these children signiﬁ-
cantly develop motor skills by improving quality of
movements (e.g., subjective improvement of smooth-
ness in upper limb movements) and manual abilities
(e.g., to improve the hand coordination by stacking
cubes and, later, threading beads).17 The motor
development of these younger children could be better
objectiﬁed with kinematics.
Upper limb kinematics in healthy children is mainly
computed using optoelectric systems5,7,21,23,25,27 or
electrogoniometers.16,24 However, no study performed
to date has used a robotic device to quantitatively
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assess the age effect and establish norms of upper limb
kinematics in healthy children. Robotic devices, such
as the REAplan, have the advantage of quantitatively
assessing upper limb movements and rehabilitating
patients, which is not feasible with other assessment
devices.3 The REAplan is a planar end-effector robotic
device that allows for mobilizations in a horizontal
plane resulting from movements of the upper limbs.28
Gilliaux et al.13,14 provided a standardized protocol to
compute several kinematic indices of movement from
several tasks performed with this robot.
Few studies have established the construct validity
of a kinematic protocol in healthy children.5,22 Con-
struct validity corresponds to the correlations between
different assessment tools,29 and this measure can be
used to assess relationships between kinematics and
visual-motor control and dexterity in healthy children,
which have not previously been studied.
In accordance with the above considerations, the
aims of this study were to (1) assess the age eﬀects and
establish reference standards of upper limb kinematics
and (2) study the construct validity of this tool in
healthy children.
MATERIALS AND METHODS
Subjects
Ninety-three healthy children recruited from a
nursery and a primary school participated in this study
(location: chapelle-aux-champs school, Brussels). The
inclusion criteria consisted of an age between 3 and
12 years and adequate cognition skills for following
instructions. These skills were veriﬁed by checking,
during the training phase of each test, the correct
application of instructions. The exclusion criterion was
the presence of any disorder that could alter the
movements of the tested upper extremity. The children
were recruited in order to have a homogeneous number
of subjects in each age group. The characteristics of the
included children and the sample size of each age
group are reported in Table 1. All of the subjects and
their parents received an informative letter explaining
the nature, the aim and the duration of the experiment.
All of the parents provided informed consent. The
ethics board of our Faculty of Medicine approved this
study.
Hand Dominance
The child was asked to pick up and throw a ball
while the examiner observed which hand was used.
This test was used to determine hand dominance.
Kinematic Assessment
Apparatus
The robot used in the present study was the research
prototype REAplan (Fig. 1). This device is composed
of a distal effector that is held in the subject’s hand,
which allows displacements in the horizontal plane
resulting from various movements of the shoulder and
elbow.
The REAplan is ﬁtted with force and position sen-
sors. The force sensors are intended to measure the
interaction force between the child and the robot,
which allows the determination of a reference force
using a force controller. The position sensors measure
the kinematics of the child’s hand to determine the
reference force on a positional basis and on the basis of
the speciﬁc exercises performed with the robot. For
this study, the only reference force used was a slightly
viscous friction force to avoid the strange sensation of
moving the hand on a frictionless surface. For the
purposes of the study, the kinematic information
provided by the position sensors was recorded during
the exercise, which enabled us to analyze the data oﬀ-
line (acquisition frequency 125 Hz). The planar robot
is also equipped with a screen positioned in front of the
subject. This screen displayed the tasks (Fig. 3) and
provided to the children a real time feedback of their
movements.
TABLE 1. Characteristics of the included children and sample size of each age group.
Healthy children (n = 93)
Age (years), mean (SD) 7.8 (2.7)
Gender (male/female), n 41/52
Weight (kg), mean (SD) 28.6 (11.2)
Height (m), mean (SD) 1.3 (0.2)
BMI (kg/m2), mean (SD) 16.2 (2.7)
Dominant arm (right/left), n 83/10
Age (years) 3 4 5 6 7 8 9 10 11 12
Sample (n) 9 9 9 10 12 7 13 9 9 6
BMI body mass index, SD standard deviation.
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Placement of Subjects
All of the subjects were placed in an ergonomic and
standardized sitting position (Fig. 2). The start posi-
tion of the end-effector was centered and placed 13 cm
in front of the subject. The angle between each sub-
ject’s hip and trunk was maintained at 120 to limit
lumbar constraints. The children’s feet were kept ﬂat
on a footrest for stability, and the trunk was secured
with webbing to minimize movement compensations at
this level.
Tasks
Gilliaux et al.13 provided a standardized protocol to
quantitatively assess active movements of the upper
limb in stroke patients. This protocol consists of the
performance of four different tasks with the REAplan.
These tasks, which are illustrated in Fig. 3 and are
described below, were performed with the dominant
arm and at spontaneous speeds.
For the Free Amplitude task, the subject had to
reach straight out in front of them as far as possible
and brought the arm back to the starting. For the
Target task, the subject made movements in the most
precise and direct manner toward a speciﬁc target
placed a distance of 10 cm from the starting point in
front of the subject. This target was placed closer than
that in previous studies evaluating kinematics in adults
to avoid amplitude limits in smaller children.13,26 After
performing this task, the robot brought the subject’s
arm back to the starting position. For the Square and
Circle tasks, the subject had to draw two geometrical
shapes: a square with 6-cm sides and a circle with a
4-cm radius. Each shape was centered in front of the
subject. These shapes were drawn clockwise with the
right upper limb or counter-clockwise with the left
FIGURE 1. View of the REAplan. 1: planar end-effector robot;
2: visual interface for the subject; 3: physiotherapist’s inter-
face.
FIGURE 2. Illustration of the ergonomic and standardized
sitting position of a child aged 5 years.
FIGURE 3. For each task (a, b, c, d), illustrations of the
requested task presented on the visual interface (first column)
and the tasks performed by children aged 4 years (second
column), 8 years (third column) and 12 years (fourth column)
are shown.
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limb. This last instruction enabled children to perform
inward movements whatever the upper limb used. To
summarize this protocol, the subjects performed
rhythmic (i.e., Free Amplitude and Circle tasks) and
discrete (i.e., Target and Square tasks) movements.
The experiment started with a 10-min training phase to
limit learning bias. For the data-acquisition phase, the
order of the tasks was randomly assigned. Each task
was performed ten consecutive times, and the rest
period between each task was 1 min.
Kinematic Analysis
For each task, the elapsed time of the end-eﬀector
position was recorded by the robot. These variables
were analyzed for each task using a speciﬁc customized
program in a LabWindows/CVI (8.5) environment.
For the Free Amplitude task, the computed indices
included the amplitude, speed, straightness (ratio
between the amplitude and path length covered by the
subject; ratios closer to 1 indicate more rectilinear
paths) and speed metric (ratio between the mean and
peak speed; ratios closer to 0 indicate less smooth
movements).26 For the Target task, the amplitude
index was replaced by an accuracy index (distance
between the target position and the end position
achieved by the child; higher scores indicate more
inaccurate movements). For the Square and Circle
tasks, we computed the shape accuracy (distances
mean between reference shape and shape drawn by the
child; higher scores indicate more inaccurate move-
ments),13 speed and speed metric indices. Each index in
this protocol was computed from the 10 cycles of
movement and was averaged. The coefﬁcient of vari-
ation (CV), calculated from the subjects’ 10 cycles of
movement, was computed for each index.
Bruininks–Oseretsky Test of Motor Proﬁciency
(BOTMP)
Fine and gross motor skills were assessed with the
Bruininks–Oseretsky test of motor proﬁciency (BOT-
MP), which is a standardized, validated, and reliable
tool used in clinical and school practice settings for
subjects between the ages of 4 and 21 years.4,10 For this
study, because we focused on the upper limbs, only 2
of the 8 subtests of the BOTMP were assessed: the
Visual-Motor Control subtest and the Upper-Limb
Speed and Dexterity subtest. For the Visual-Motor
Control subtest, a score ranging from 0 to 24 was
obtained, with higher scores indicating better visual
motor control. For the Upper-Limb Speed and Dex-
terity subtest, a score ranging from 0 to 72 was
obtained, with higher scores indicating better upper
limb dexterity.
Session Organization
For each investigation, two physiotherapists simul-
taneously assessed two children. The experiment star-
ted with the hand dominance test. After that, one child
ﬁrstly performed the BOTMP and then, the kinematic
assessment; the other child ﬁrstly performed the kine-
matic assessment and then, the BOTMP. For each pair
of children, this order was randomized by lottery.
Statistical Analysis
Age Eﬀect and Reference Standards for Upper Limb
Kinematics in Children
For each kinematic index, a dynamic exponential
curve (two parameters) was ﬁtted with the results of
the 93 children using SigmaPlot 11.0 software
(WPCubed GmbH, Munich, Germany). The equation
for this curve provided the corresponding kinematic
results for a speciﬁc age.
A correlation coeﬃcient (r) related to each dynamic
exponential curve was used to quantify the age effect.
For each kinematic index, an age effect was considered
if the |r| was >0.30, corresponding to a moderate to
excellent correlation.29
Construct Validity
Correlations between each kinematic index and the
score of each BOTMP subtest were performed with a
Spearman correlation test using SigmaStat 3.5 soft-
ware (WPCubed GmbH, Munich, Germany). A cor-
relation was considered excellent, moderate or poor if
the |r| was >0.60, 0.30–0.60 or <0.30, respectively.29
RESULTS
All of the results are presented in Table 2 and
illustrated in Figs. 3, 4, 5, and 6.
Age Eﬀect and Reference Standards for Upper Limb
Kinematics in Children
For each kinematic index, an equation corre-
sponding to the reference standards of the upper limb
kinematics in children is provided in Table 2. For each
kinematic index, the age effect is illustrated in Figs. 4
and 5 and is described below.
For the Free Amplitude task, all of the indices
showed an age eﬀect (|r| range [0.34–0.85]). Indeed, the
youngest children’s movements were not as large,
rectilinear, smooth, or fast compared to those of the
older children. The youngest children also presented
greater variability in amplitude, linearity, smoothness
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and speed for the 10 cycles of movement (Table 2)
(Fig. 4).
For the Target task, 6 of 8 indices showed an age
eﬀect (|r| range [0.30–0.56]). Indeed, the youngest
children’s movements were less rectilinear and smooth
than those of the older children. Moreover, the youn-
gest children presented greater variability in accuracy,
linearity, smoothness and speed for the 10 cycles of
movement. The accuracy and speed indices did not
show any age effects (r = 20.23 and 0.05) (Table 2)
(Fig. 4).
For the Circle and Square tasks, 5 of 6 indices
showed an age eﬀect (|r| range [0.30–0.68]). Indeed, the
youngest children’s movements were less accurate and
smooth than those of the older children. Moreover, the
youngest children presented greater variability in
accuracy, smoothness and speed for the 10 cycles of
movement. The speed index (of both tasks) did not
show any age effect (r = 0.05 and 0.10) (Table 2;
Fig. 5).
Construct Validity
Construct validity was calculated to examine the
correlations between each kinematic index and the
Visual-Motor Control and Upper Limb Speed and
Dexterity subtests of the BOTMP. For both subtests,
the results of the 93 children are illustrated in Fig. 6.
Sixteen of twenty-eight indices showed moderate to
excellent correlations for both subtests (|r| range [0.41–
0.62]) (Table 2). The CVspeed (Free Amplitude task)
and shape accuracy (Square task) indices showed
moderate correlations with the Visual-Motor Control
subtest (r = 20.30 and 20.35, respectively); however,
TABLE 2. The coefficients (a and b) and the standard deviation (SD) of the equation corresponding to the child’s kinematic result
as a function of age for each kinematic index; the results of the age effect for each kinematic index; and the results of the
Spearman’s correlation test for each kinematic index and each BOTMP subtest.
a b SD
Coefficient correlation (r)
Age effect Visual-motor control (/24) Speed and dexterity (/72)
Free amplitude
Amplitude (cm) 30.0 0.36 1.6 0.85* 0.50 0.58
CVamplitude (%) 14.8 0.18 2.1 20.65* 20.56 20.55
Straightness 1.0 1.18 0.01 0.57* 0.25 0.26
CVstraightness (%) 6.5 0.25 1.1 20.52* 20.26 20.25
Speed (cm/s) 15.1 0.26 4.6 0.34* 0.29 0.27
CVspeed (%) 26.5 0.07 5.8 20.42* 20.30 20.28
Speed metric 0.64 0.28 0.07 0.69* 0.56 0.60
CVspeed metric (%) 25.6 0.09 4.5 20.55* 20.48 20.42
Target
Accuracy (cm) 1.1 0.03 0.3 20.23 20.12 20.08
CVaccuracy (%) 79.0 0.09 16.3 20.52* 20.49 20.56
Straightness 1.0 1.18 0.01 0.34* 0.24 0.26
CVstraightness (%) 4.8 0.18 2.0 20.30* 20.22 20.19
Speed (cm/s) 5.6 0.77 1.7 0.05 0.00 0.01
CVspeed (%) 49.8 0.10 9.6 20.56* 20.59 20.62
Speed metric 0.51 0.50 0.04 0.48* 0.53 0.49
CVspeed metric (%) 38.3 0.15 8.7 20.51* 20.52 20.50
Square
Shape accuracy (cm) 1.4 0.01 0.13 20.30* 20.35 20.25
CVshape_accuracy (%) 27.0 0.01 4.9 20.55* 20.53 20.45
Speed (cm/s) 5.7 0.69 2.1 0.05 0.05 0.09
CVspeed (%) 37.1 0.12 5.0 20.68* 20.57 20.55
Speed metric 0.56 0.31 0.07 0.58* 0.41 0.54
CVspeed metric (%) 23.6 0.07 3.7 20.56* 20.43 20.44
Circle
Shape accuracy (cm) 2.7 0.16 0.53 20.54* 20.56 20.54
CVshape_accuracy (%) 51.5 0.07 9.1 20.51* 20.42 20.45
Speed (cm/s) 7.9 0.51 4.0 0.10 20.05 20.02
CVspeed (%) 29.2 0.07 5.4 20.52* 20.46 20.47
Speed metric 0.65 0.39 0.11 0.40* 0.21 0.24
CVspeed metric (%) 20.85 0.07 3.9 20.49* 20.42 20.45
The underlined indices are related to the equation: F = a.(1 2 e(2b.yrs)). For the other indices: F = a.e(2b.yrs).
*Correspond to indices with age effects (|r| > 0.3).
Indices with a significant correlation (p < 0.05) are shown in bold.
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there were no correlations with the Speed and Dex-
terity subtest (r = 20.28 and 20.25, respectively)
(Table 2). The other indices showed insigniﬁcant cor-
relations (p> 0.05) or poor correlations (p< 0.05;
|r|< 0.3) with both subtests (Table 2).
DISCUSSION
The aim of this study was to assess age eﬀects and
establish reference standards of upper limb kinematics
in healthy children aged 3–12 years. These data
enabled us to analyze the relationships between kine-
matics and visual-motor control and upper limb speed
and dexterity, as assessed with the Bruininks–Oseret-
sky test of motor proﬁciency.
Age Eﬀect and Reference Standards of Kinematic
Indices Obtained with a Robot
For all of the tasks of the kinematic protocol, nearly
all of the indices demonstrated an age eﬀect in healthy
children. However, some indices [e.g., the amplitude,
straightness, and smoothness indices for the Free
Amplitude and Target tasks (Fig. 4) and the speed
metric index for the Circle and Square tasks (Fig. 5)]
appeared to show an improvement of upper limb
kinematics until the age of 8 years, after which time the
indices showed a steady state. These results are in
agreement with those of Olivier et al.,21 who showed
changes of the upper limb kinematics in children
between 5 and 8 years of age and no change in children
between 8 and 11 years of age. Other indices [e.g.,
CVspeed and CVspeed metric for all tasks (Figs. 4, 5)]
seemed to show an improvement until the age of
12 years but they did not demonstrate a steady state.
These results are in agreement with those of Petuskey
et al.,23 who showed a signiﬁcant improvement in
upper limb displacement in subjects aged 5–18 years.
Finally, for 3 of 4 tasks, the upper limb speed of
movement was identical for children aged 3–12 years.
These results may be explained by one of our instruc-
tions, which instructed the children to perform move-
ments at spontaneous speeds.
One can argue that the greater variability observed
in younger children could be related to a training
FIGURE 4. For each index of the Free Amplitude and Target tasks, illustrations of the reference standards of healthy children
(corresponding to the black line 6 SD [Grey area]) are shown as a function of age.
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eﬀect. We believe that the 10 min-training were ade-
quate for all participants, even the younger ones, for
two reasons. Firstly, the training eﬀect was assessed
through ten consecutive cycles of movement in the nine
children aged 3 years old. For each index, each cycle of
movement was analyzed separately, and the data sub-
mitted to a one-way repeated measures analysis of
variance. No training eﬀect was found for the diﬀerent
tasks (p value >0.05). Secondly, for the same tasks and
10 min-training, it was showed (i) no training effect in
adult stroke patients13 and (ii) reproducible results in
children with cerebral palsy (age range, in years [5–
18])15 and adult stroke patients.13
This study improves the current understanding of
upper limb kinematics in children in 4 ways. First,
development in children is often described through
descriptive observations (e.g., older children show
better movements).17 This study showed that descrip-
tive observations could be quantiﬁed with kinematics.
Second, this study followed the current recommenda-
tions by presenting, using a robot, reference standards
of kinematic indices.3 Third, previous studies assessed
age effects and established reference standards by
computing traditional kinematic indices, such as the
range of motion and speed.21,23 In contrast, this study
was the ﬁrst to propose a protocol with detailed
kinematic indices (i.e., accuracy, smoothness,
straightness, and reproducibility) to analyze the quality
of children’s upper limb movements. Fourth, contrary
to previous studies,5,21,23 this study assessed upper limb
FIGURE 5. For each index of the Circle and Square tasks, illustrations of the reference standards of healthy children (corre-
sponding to the black line 6 SD [Grey area]) are shown as a function of age.
FIGURE 6. For each subtest of the BOTMP and as a function
of age, the results of the 93 healthy children are shown (1 dot
corresponds to 1 child’s result).
Age Effects on Upper Limb Kinematics in Children
kinematics in healthy children younger than 5 years of
age, for whom motor skills are less developed than in
older children.17
Relationship Between Upper Limb Kinematics
and Upper Limb Visual-Motor Control, Speed,
and Dexterity
In addition to the kinematic analyses computed with
the REAplan, the children also performed 2 parts of
the BOTMP. This assessment allowed us to analyze the
correlations between each subtest and each kinematic
index. The results obtained led to the establishment of
construct validity for a kinematic protocol in children,
as recommended by Sivan et al.29 The kinematic ana-
lysis, assessed with the REAplan, was then used to
measure the Visual-Motor Control and the Upper-
Limb Speed and Dexterity in children aged 3–12 years.
However, most correlations were moderate (|r|< 0.6)
because our protocol also assessed other aspects of the
movements, such as the submovements,26 which could
not be measured using classical psychomotor scales.
These results are in accordance with those of Gilliaux
et al.,13 who showed correlations in stroke patients
between kinematic indices, assessed with the REAplan,
and upper limb motor control and gross manual dex-
terity, assessed using the Upper Limb Sub-Score of the
Fugl-Meyer Assessment12 and the Box and Block test.9
Correlations between the kinematic and psycho-
motor tests could have implications for therapists.
Thus, it is important to identify disorders of the upper
limb visual-motor and dexterity abilities to understand
functional problems that children demonstrate at
home, at school and during play. Between 5 and 6% of
school-aged children show a developmental coordina-
tion disorder,2 which is a neuro-developmental condi-
tion that affects motor coordination and renders
everyday tasks such as dressing, eating and playing
more difﬁcult.30 Kinematics may represent a new
objective, quantitative tool to detect and assess these
conditions. Additionally, kinematics allows for the
comparisons of supposed healthy children to clear
standards, which could enable psychomotor therapists
to detect delays in motor development and follow the
evolution of development over time.
Limitations and Perspectives
Our study sample was limited to children with a
maximum age of 12 years, and upper-limb kinematics
may continue to change after 12 years of age.23 Thus,
further studies are necessary to evaluate the evolution
of kinematic indices beyond 12 years of age and to
deﬁne the age limit of maturity for those indices. It
could also be interesting to examine whether there is an
optimal age for kinematics and whether there is dete-
rioration with age.
Kinematic indices have been computed for patients
in diﬀerent studies.6,13–15,29 Researchers or clinicians
could use this norm-referenced protocol to (1) objectify
impairments in CP children and (2) provide a sensitive
way to assess changes in response to intervention, such
as robotic-assisted therapy,15,18 or following injections
of upper limb botulinum toxin.11,20
The REAplan conception allows end-eﬀector
movements in 2 spatial dimensions (2D). Despite these
horizontal plane movements, the shoulder and elbow
movements involve displacements in 3D. Further
studies could apply this protocol to an exoskeleton
robotic device19 or an optical tracking system,5 which
assess upper limb movements in 3D.
CONCLUSIONS
This study was the ﬁrst to use a robotic device to
assess the eﬀect of age and establish reference stan-
dards for upper limb kinematics in healthy children
aged 3–12 years old. This study also showed correla-
tions between kinematics and visual motor control and
upper-limb speed and dexterity. This research has
contributed to enhance the assessment of upper limb
kinematics in children. These results could be used to
routinely evaluate the performance of a child at a
speciﬁc age and assess the child’s progress over time.
Moreover, the use of a robotic device enables accurate,
objective and sensitive assessments and is especially
appropriate for body function measurements in chil-
dren.
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